Methods are described for the purification of Murray Valley encephalitis virus from baby mouse brain extract. The method finally chosen involved treatment with protamine, ultracentrifugation, adsorption to and elution from hydroxyl apatite and a second ultracentrifugation. The degrees of recovery of virus infectivity and haemagglutinin were about 15 yo and 50 yo, respectively. Measurement of the absorption in the ultraviolet region and examination in the electron microscope suggested that a substantid degree of purification had been achieved. The stability of the infectivity of purified virus was less than that of crude virus. Purified virus yielded infective 'ribonucleic acid' on treatment with phenol. The yield was consistent with the possibility that the potential infective ' ribonucleic acid ' in crude virus was contained in infective virus particles.
INTRODUCTION
In 1948 Taylor, Sharp, Beard & Beard showed that purified preparations of eastern equine encephalomyelitis virus contained protein, lipid and ribonucleic acid. !Chis work provided the first indication that the nucleic acid associated with an animal virus might be entirely of the ribose type. Interest in the composition of these viruses has been stimulated by reports that crude preparations of some viruses in this group, upon treatment with phenol, yielded fractions which appeared to consist mainly of ribonucleic acid (RNA) and were infective (Wecker & Schiifer, 1957;  Cheng, 1958;  Anderson & Ada, 1959) . These findings suggest that RNA may carry the genetic information necessary for the production of virus particles which contain lipid as well as nucleoprotein in their structure. The present paper describes a method for purifying Murray Valley encephalitis (MVE) virus from crude extracts of infected baby mouse brains. There was a high recovery rate but the purified virus lost infectivity very rapidly. Nevertheless, it yielded high titre infective ' ribonucleic acid ' on treatment with phenol.
METHODS
Saline. An aqueous solution of NaCl (0.15~).
Bkarbmate q&iw saline (BCS).
A solution of NaHCO, ( 0 . 0 2 5~) , cystine (0.85 mM) and NaCl ( 0 * 1 5~) .
The cystine was dissolved in saline by boiling, and after cooling the NaHCO, was added. The solution was filtered through a Seitz sterilizing pad. NaCl(0-18~); pH 7-7. Phenol. Phenol (A.R.) was distilled in vacw, the distillate saturated with glassdistilled water and stored at Mo.
DiethyZ e t k . This cther was prepared as described previously (Anderson & Ada, 1959 ).
Normal rabbit s m m (NRS).
Anima,ls in a laboratory colony were bled from the ear vein and serum separated from the clot at 87'. Sera were pooled and filtered through a Seitz sterilizing pad.
Eggs. White Leghorn/Black Orpington cross eggs were incubated at 39' until used and thereafter at 56'.
Source of v i m .
A strain of Mumay Valley encephalitis (MVE) virus, isolated in 1951, was used as 8th mouse passage material. It was inoculated intrapentoneally into mice 5 days old and the brains were harvested when the mice were moribund after a further 4s days.
Preparation of Wirus extract. Infected baby mouse brains were ground in the appropriate solvent by using a glass mortar fitted with a Teflon pestle which rotated at about 4000 rev./min.
Preparaiion of infective ' RNA '. The standard procedure described previously (Anderson & Ada, 1959) was slightly modified in that the v i r u s solution was treated twice with phenol, each time for a period of 6 min.
Preparation of normal mouse brain extract. Brains were harvested under chloroform anaesthesia from mice 8 or 9 days old and ground in the desired solvent with the mortar and pestle described above. Grinding was carried out for 3 min. and the fluid clarified by centrifugation (20OOg, 5 min., 0 4 ' ) .
Titration of vim and infective 'RNA'. Titration in 12-day chick embryos was done on the chorioallantoic membrane, the membranes being 'dropped' with an inoculum of 0.05 ml. Titration in mice 5-8 days old was by intraperitoneal inoculation of 0.05 ml., or intracerebral injection of 0.01 ml. Infectivity endpoints were determined ras 50 % lethal end-points at 4 days in chick embryos; mice were observed for deaths over a period of 12 days.
Haemagglutiraation. Adult goose red cells were prepared in Alsever's solution and stored for periods up to 4 weeks at 4O. Just before use they were washed three times with saline and made up to 1 yo (v/v) The droplets were shadowed with gold-manganin and examined at magnifications of about x 15,000 and at 60 kV with a 50p objective aperture.
RESULTS

Prelimimty a.ttempts ad puri$catim
In early experiments several techniques were tried for their value in the p d c ation of MVE virus. The criteria of usefulness included the degree of purification achieved, the yield of virus and the subsequent stability of the virus. The techniques were applied to solutions of either crude or partially purified virus, and comprised both those which precipitated non-viral material (treatment with protamine, fluorocarbon or ammonium sulphate) and those which achieved a selective concentration of virus particles (sedimentation or column chromatography).
Treahwnt with protumine. Warren, Weil, Russ & Jeffries (1949) found that protamine precipitated non-viral material from crude preparations of virus but did not decrease the infectivity of the solution. They removed excess protamine with heparin. Protamine behaved similarly with crude preparations of MVE virus. In 18 eXperiments the change in titre varied from a gain of 1.0 log Unit to a loss of 1 . 0 log unit of infectivity, the mean change being a loss of 0.1 log unit which was not significant. h t a m i n e treatment decreased the U.V. absorption at 260 mp and 800 mp by an average of 80 % and 90 %, respectively. The method of purification Anally chusen included treatment with protamine but not heparin.
Trednaent with Jwocurbon. Gessler, Bender & Parkinson (1956) found that some fluorocarbons when mixed vigorously with crude preparations of certain Viruses preferentially removed non-viral material from solution. In the present work, some purification was achieved when MVE virus preparations were briefly treated with fluorocarbon. The best results were obtained when infected fluids, previously treated with protarnine, were exposed to fluorocarbon for 5min. No loss of infectivity occumed, though the yo decrease of absorption at 260 mp and 800 mp was 26 & 14 (s.D.) and 45 f 15 (s.D.), respectively. When virus, which had been purified either by sedimentation in the ultracentrifuge or by ammonium sulphate fractionation as described below, was treated with fluorocarbon, the recovery of infectivity was very erratic.
A m m i u r n szllphate fractionation. Crude preparations of virus were first treated with protamine, then with fluorocarbon, and h a U y with ammonium sulphate. In six experiments the mean loss of infectivity due to the ammonium sulphate step was 0-7 log & 1.2 log unit. In a seventh experiment, dialysis against buffered saline (pH 7-7) at 0-41' for 16 hr. to remove ammonium sulphate, resulted in a further loss of 1.3 log unit. This didysed material lost another 1 4 log unit of infectivity after one fluoroCsrbon treatment.
Adsorption to and elution from hydroxyl apatite. The virus present after treatment of crude preparations with protamine could be adsorbed to columns of hydroxyl apatite. In preliminary experiments, 30 ml. protarnine-treated extract were adsorbed to a column (8 cm. x 1.5 cm.) of hydroxyl apatite which was then developed with a gradient of phosphate concentration ( 0 * 0 2~-2 * 0~) .
The virus eluted under these conditions and the infectivity were quantitatively recovered. However the elution profile was very broad and, though marked purification occurred, little concentration was achieved. Later work showed that by using a deposit obtained by centrifugation of the protamine-treated extract, a smaller capacity column could be used and a sharper elution pattern obtained.
Ultracmtrifugation. Virus in eluates from hydroxyl apatite columns could be sedimented by ultracentrifugation. In four experiments, high titre eluates were pooled and centrifuged at 90,OOOg for 30 min. and the rotor then stopped with the brake on. The virus formed a firm pellet a t the bottom of the tube. About 95 yo of the supernatant fluid was removed by Pasteur pipette and the remainder used for resuspending the virus pellet. In four experiments the average recovery of virus was 100 %, 90 % being in the sediment. When such virus was again centrifuged under the same condition the pellet was not adequately dispersed and the recovery of infectivity was appreciably lower. In the technique finally adopted the conditions of centrifugation were changed in order to overcome this difliculty.
Adopted procedure for puri$catirm of M V E virus The choice of a standard procedure was governed not only by the yield of virus and the degree of purification achieved but also by the lability of the purified virus. Because of this it was desirable that concentration should be accompanied by purification ; therefore after protamine treatment the virus was concentrated by sedimentation in the ultracentrifuge. This had the advantage of removing much of the soluble protein so that a smaller column of hydroxyl apatite could be used. The complete procedure took about Shr., and all steps were carried out between 0 and 4O. Sterile reagents and containers were used.
Sixty freshly-harvested infected mouse brains were ground in 90 ml. BCS and the solution clarified by centrifugation a t 20008 for 5 min. Ten ml. of a warm saline solution containing 860 mg. protamine sulphate was added with stirring to the supernatant fluid (termed ' original extract '). The mixture was shaken mechanically (oscillation/min. = 100; amplitude = 5 cm.) for 30 min. after which a clear supernatant fluid (protamine-treated extract) was obtained by centrifugation (20008; 10 min.). The protamine-treated extract was centrifuged in a 40-rotor at 93,000gfor 15 min., the brake being left off to slow deceleration. The virus was seen as a loose milky concentrate at the bottom of the tube with a small clear pellet to one side. The supernatant fluid was caref'ully removed, leaving about 0-5 ml. in which the virus was readily resuspended with a Pasteur pipette (termed
The pooled deposits (about 5 d.) were applied to a column (2 cm. x 1 cm.) of hydroxyl apatite and the column washed with 10 rnl. BCS. The column was then developed with about 5 ml. portions of BCS to which 2~ phosphate buffer (pH 7.7)
had been added to yield find concentrations of 0:025~, 0.05116, O-~M, 0*2M, O -~D A , 0 . 4~ and 0 -5~ phosphate. The flow rate was about 15 ml./+.
The 0 . 1~ and 0 . 2~ eluates were pooled and centrifuged (98,oOOg, 12 min.). The sedimented virus was then seen as before and was resuspended with a Pasteur pipette in about 0.7 ml. of the supernatant fluid. The products thus obtained were termed 'supernatant 2 ' and ' deposit 2 '.
Evdw;ction of standud procedure The standard procedure for purification was applied to nine crude preparations of virus. The various fractions were examined for their yo recovery of virus. as estimated by haemagglutination, infectivity, and U.V. absorption. The latter examination also gave some indication of the chemical nature of each fraction.
Recovery of viral haemagglu.tinin. The original extracts showed haemagglutination in only five of the nine samples; in these five the titres ranged from 2500 to lbooo. All this haemagglutinin was recovered between the 0.1, 0.2 and 0 . 8~ phosphate eluates, and in four of the five cases the haemagglutinin was present almost entirely in the 0.1 and 0-2aa fractions. There was again a quantitative recovery of haemagglutinin in supernatant fluid 2 and in deposit 2, the distribution between these two fractions being in the ratio 1 :84. In four out of five experiments, the haemagglutinin titre of deposit 2 was between 2 x 105 and 4 x lo5.
In those experiments where it was sought, an inhibitor of haemagglutination was found in some fractions. The inhibitor was not titrated in the classical fashion, but some estimate of its amount was obtained by noting the extent of the prozone in 8 standard titration of haemagglutinin. This prozone extended to the dilutions 1/2oO, 1/200 and 1 / 8 0 in titrations of three original extracts, with haemagglutinin titres of 8000, 8000 and 4000, respectively. A prozone occurred irregularly in the O=ln.i to 0-5116 eluates; in those 0 . 1~ and 0 . 2~ eluates where the prozone occurred, it extended to dilutions of 100 to 8000; in the 0.3 M to 0.5 M eluates, to dilutions of 5 to 80. In five experiments the ' titre' of prozone ranged from 10 to 800 in supernatant 2, and in three experiments from 20 to 80 in deposit 2.
It was felt that if sufficient inhibitor were present it might completely obscure haemagglutinin. This was accepted as the explanation of the absence of detectable haemagglutinin in four of the nine original extracts. Four of the nine 0.025 M eluates and five of the 0.051~ eluates also lacked haemagglutinin although the infectivity titres were such that considerable haemagglutinin titres would have been expected. Here too the effect was attributed to an excess of inhibitor.
These experiments throw little light on the nature of the inhibitor(s) of haemagglutinin. In one experiment, normal baby mouse brains were extracted and subjected to the standard fractionation procedure. The ability of the fractions to inhibit viral haemagglutination was tested, the haemagglutinin used being a 0 . 8~ phosphate .
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eluate prepared on the same day. This haid a titre of 4aoO and was used at a dilution containing 12 A.D. The original extract was found to have an inhibitor titre of 60; none of the other fractions had any activity.
Recovery of infectivity
In nine experiments the ELDSO of the original extract from infected brain had a mean value of 8.2 log. (range 74-4-7) . In five experiments the average recovery of infectivity i n Werent fractions ww as follows: deposit 1, 71 yo; effluent, usually less than 0*001%; eluate O-O~SM, 2 % ; eluates 0.1 M + 0 * 2~, 70 %; eluates, 0 . 3~ + O *~M + O~M , 6 %; supernatant 2, 5 %; deposit 2,15 %. Most of the infectivity was recovered in the 0 -l~ and 0 . 2~ eluates which were therefore chosen for final centrifugation. The greatest loss was during the final centrifugation.
The ratio of ELD50 to haemagglutinin titre was calculated for certain fractions in three of the experiments where haemagglutinin was present in the original extract. Meern values were: the original extract, 8.4 x 104; deposit 1, 1-1 x 10'; the 0 . 0 2 5~ eluate, > 20 x lo4; the 0 * 1~+ 0 . 2~ eluates, 1.5 x lo4; the O * $ M + O~M eluates, O*2xlO4; deposit 2, 0 4~1 0~. The ratio for original extract and for combined 0 -1~ and 0 . 2~ eluate were similar. The high value for the earlier eluate was attributed to the suppression of haemagglutinin by inhibitor; the low value for the later eluates was attributed to dead haemagglutinating virus, a hypothesis which is supported by the low patios of ELD50 to U.V. absorption values of these eluates. It was first thought that concentrations of phosphate higher than 0 . 2~ might destroy infectivity but the addition of phosphate to 0 . 2~ eluates was found not to decrease the Em50 value.
U.V. abmrpti cVm. In Table 1 are recorded the absorption of fractions from normal and from infected brain extracts at 260 mp and values of the ratio, absorption at 260 mp: absorption at 280 mp. In both cases the values quoted were from single experiments. The results from the experiment with infected brain were typical of 5 experiments. As seen in columns 1 and 2 of Table 1 , the normal brain absorbed more than the infected brain extract. The protamine extracts of each preparation absorbed to about the same degree. Deposit 1 derived from the infected extract absorbed more than did deposit 1 from the normal extract, because of the presence of virus in the former. The effluent from each column showed, similar degrees of absorption. A substantial difference in the elution profile from the infected column compared with the normal column was first apparent at the 0 . 1~ eluate stage. This and later eluates from the normal column contained negligible amounts of material absorbing at 260 mp, whereas in the infected column these were the very eluates where .there was an accumulation of virus. The peak was in the 0 . 2~ eluate consistently in nine experiments. This effect was seen visually in eluates from the infected column, the 0*2M eluate having a greater opacity than the 0 . 1~ and 0 . 3~ eluates. The other fractions were clear, as were all eluates from the normal column.
Of the substances likely to be present in appreciable amounts in the fractions, only three absorbed well a t 260 m p and 270 mp : namely, proteins and nucleoproteins and small molecular weight purine and pyrimidine derivatives. For each of these, the ratio 260 mp: 280 m p lay in a typical range; for proteins, it was less than 1 ; for nucleoproteins, 1 to 2, and for small molecular weight purine and pyrimidine derivatives, it was greater than 2. The latter compounds were not deposited under the conditions of the present experiments. As about 70 % of the absorbing material in the 0.1 Y and 0 . 2~ eluates was sedimented and as the remaining 25 % (supernatant 2) had a ratio of 1-18, it seemed that small molecular weight purine and pyrimidine derivatives were virtually absent; the sedimented material with a ratio of 1.56 was therefore largely nucleoprotein. The value of the 260 mp:280 mp ratio of the 0.1~ and 0 * 2~ eluates was higher in the 'infected' column (average 1-80) than in the control column (average 0.73); this difference was mostly due to nucleoprotein.
Properties of p r i j e d virus
The properties of deposit 2 were investigated in four ways: U.V. absorption and studies in the electron microscope indicated substantial purity; the purified virus yielded infective 'RNA', but was less stable to heat than was crude virus.
Ultraviolet absorption spectrum. An average absorption curve was calculated from the values for eight preparations of deposit 2. The resulting curve was typical of nucleoproteins. The value of the ratio, 260 mp: 280 mp, was 1-48 & 0906.
Examination in the electron microscope. Plate 1, a micrograph of deposit 2, shows little else in the preparation but virus particles.
Liberation of infective ' RNA ' from purifid virus preparations. In three experiments infective 'RNA' was made by phenol treatment of original extract and of deposit 2. For this purpose original extract was diluted 1/10 and the final deposit was diluted l/lOOO in normal baby mouse brain extract before phenol treatment; these dilutions were allowed for in the final calculation. The ratio of virus titre to titre of ' RNA' derived from that virus (V:R ratio) was 208,204 and 3-6 log (average 2.8) for the three original extracts and 2.0, 8-0 and 8 4 log (average 2.8) for the three corresponding preparations of deposit 2.
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Stability &.die8. The best diluents for crude virus were earlier found to be NRS (10 %, vlv) and mouse brain extract (Anderson & Ada, 1959) in which the virus was comparatively stable, Both crude virus in the form of original extract and purified virus in the form of deposit 2 were diluted l/lOO in NRS (10 %, v/v) and held at 8 7 ' . Infective titres were, for crude virus, at 0 min., 8.1 log; a t 15 min., 8.1 log; at 60 min., 8-0 log. For purified virus, at 0 min., 9.0 log; at 15 min., 9.8 log; a t 60min., 8.8 log. This increase in titre after 15 min. was found regularly. In one experiment of this type where infectivity titrations were done in triplicate, the average values for purified virus were at Omin., 9.2 log; at 7& min., 9-4 log and a t 15 min. 9.6 log. End-points in the titration of samples incubated 80 or 60 min. were very close but appeared to indicate a decrease in titre.
Purified virus was less stable in the absence of NRS. It lost infectivity when held a t 87" either undiluted or diluted 111 in VCS. Typical figures in the latter diluent were, a t 0 rnin., 8.5 log; 30 min., 7.2 log and a t 60 min., less than 6.2 log. However, in this diluent, a t 20°, virus lost only 0.4 log of infectivity over a period of 60 d n .
DISCUSSION
The outstanding impression from the present work was the ease with which semipurified or purified MVE virus lost infectivity. It was not clear whether this was a reflexion of an intrinsic instability of pure virus or whether it was due to damage caused by the method of purification. The diluent in which pure virus was least unstable was a 1/10 dilution in normal rabbit serum. When diluted in this medium and held at 87' pure virus showed an initial increase in titre and then a slow decay. The early increase of about 0-5 log may have indicated the resurrection of individual virus particles, but was probably due to the disaggregation of clumped virus. The later decay was attributed to instability of virus.
The instability of purified virus made it difficult to assess virus recovery rates during purification. Through the first part of the purification procedure (from original extract to the combined 0.1 M and 0 . 2~ eluates) there was an average recovery of 70 yo of infective virus. Through the second part of the purification procedure (from eluates to final deposit) infectivity was decreased by 78 Yo but haemagglutinin was not lost a t all, and the U.V. absorption results also pointed to a satisfactory recovery of viral material during this phase. It thus seemed that most of the original virus was recovered in deposit 2, and that the final yield was vitiated only by the instability of the infectivity of the purified virus.
The purity of deposit 2 has been estimated both by electron microscopy and by examination in the ultraviolet spectrophotometer. The results of electron microscopy were more easily interpreted, and the pictures left little doubt that virus-like particles comprised most of the material in deposit 2.
From the U.V. absorption pattern it was not possible to determine accurately the degree of purity, but the results were consistent with the belief that deposit 2 was relatively pure virus. First, a comparison of the U.V. absorption profiles of eluates from infected columns and from normal columns suggested that nearly all of the absorbing material in the 0.1 M and 0 . 2~ phosphate eluates from the infected column was virus, and the small amounts of soluble protein present in these fractions would have been largely eliminated during the final centrifugation. Secondly, the value of the ratio, O.D. 260 m,u:O.D. 280 mp for 8 preparations of deposit 2 was relatively constant (1-48 f 0.06). These are the wavelengths of maximum absorption of nucleic acid and protein, respectively, and an arteration in the relative concentrations of these two components between one preparation of deposit 2 and another would have resulted in a substantial change in this ratio. Such a change was not observed and the constancy was taken to indicate that deposit 2 contained mainly one type of particle. Thirdly, the absolute value of this ratio (1-48) was consistent with the major component being nucleoprotein in character.
Some estimate of the degree of purification achieved was obtained from the value of the ratio of haemagglutinin to U.V. absorption. This was 700-to 1100-fold higher for deposit 2 than for the crude brain extract. Although the estimate of the U.V. absorption of the crude extract was unduly high because of light scattering effects, it was concluded that the above ratio meant that a better than 500-fold purification had been achieved.
Am obvious next step would have been to determine the number of virus particles per infective unit of purified virus preparation. Many such attempts were made in this laboratory, but all were unsuccessful because of the failure to obtain suspensions consisting mostly of single particles for electron microscopy.
It was found earlier that treatment of crude MVE virus with phenol gave rise to infective 'RNA' (Anderson & Ada, 1959) . A prime reason for developing a method of purifying MVE virus was to see whether phenol treatment of pure virus liberated 'RNA' and whether the potential 'RNA' in crude preparations was present only in mature virus particles. The average value of the ratio, infectivity of virus: infectivity of 'RNA' (V:R) was 2-8 for both crude and purified preparations. However, the constancy of this ratio may be misleading. It was indicated above that the infectivity of deposit 2 was lower than was expected from its haemagglutinin titre and optical density. As it was not known whether this loss of infectivity was due to damage to protein, lipid or nucleic acid (see Ada & Anderson, 1959) it was difficult to know the meaning of a value of 2.8 for the V:R ratio. For this reason and because of the batch variation in V:R ratios, it is not possible to state whether all the potential 'RNA' in crude virus preparations is contained in mature virus particles. Nevertheless, it is clear beyond reasonable doubt that purified MVE virus yields infective 'RNA'; the figures were not inconsistent with the idea that the potential infective 'RNA' in crude preparations derived from mature virus. 
